323, whereas QacB contains uncharged residues in these positions. Site-directed mutagenesis of qacA confirmed the importance of an acidic residue within this region of QacA in conferring resistance to divalent cations. Membrane topological analysis using alkaline phosphatase and ,B-galactosidase fusions indicated that the QacA protein contains 14 transmembrane segments. Thus, QacA represents the first membrane transport protein shown to contain 14 transmembrane segments, and confirms that the major facilitator superfamily contains a family of proteins with 14 transmembrane segments.
The major facilitator superfamily (MFS) consists of various membrane transport proteins from both bacteria and eukaryotes involved in the symport, antiport, or uniport of a range of substrates (1, 2) . On the basis of comparative amino acid-sequence analysis, Marger and Saier (2) have suggested that the MFS consists of five distinct clusters or families of membrane transport proteins that share a common structural motif of 12 transmembrane spanning segments (TMS). Within the MFS, cluster 1 was defined as consisting of a range of related drug resistance proteins (2) . Other studies have proposed that the proteins within cluster 1 can be separated into two distinct families of resistance-conferring proteins (1, 3) . Hydropathy and charge bias analyses have suggested that members of these two families differ in their predicted membrane topologies (3), with one family characteristically containing 12 TMS, in an analogous manner with other MFS transporters, and the other family potentially containing 14 TMS. The 12-TMS family is typified by the tetracycline exporter TetB from Escherichia coli (4) , whereas perhaps the best-characterized member of the 14-TMS family is the multidrug exporter QacA from Staphylococcus aureus (3, 5) .
Within these two proposed families of export proteins in cluster 1 of the MFS, a number of multidrug resistance efflux pumps have now been identified-namely, the Bacillus subtilis Bmr (6) , E. coli EmrB (7) , and S. aureus QacA (5) proteins (see Fig. 3 , below). These proteins have been shown to be involved in conferring resistance to structurally diverse compounds by
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active export, in an analogous manner to the mammalian multidrug resistance protein, P-glycoprotein, which exports a broad range of cytotoxic drugs (8) . However, unlike the ATP-driven P-glycoprotein pump, the multidrug efflux pumps belonging to the MFS are driven by the proton motive force (pmf) of the transmembrane proton gradient. Although an increased number of multidrug resistance efflux pumps are being identified in prokaryotic and eukaryotic organisms (3, 9, 10) , the molecular basis of multidrug recognition by these pumps remains unclear.
The staphylococcal multidrug resistance gene qacA mediates resistance to various toxic organic cations, including intercalating dyes-e.g., ethidium bromide and a number of commonly used antiseptics and disinfectants such as cetrimide, benzalkonium chloride, and chlorhexidine (11, 12) . These disparate compounds differ structurally but share the common feature of being lipophilic organic cations. Consistent with its product being a member of the MFS, transport studies have indicated that qacA confers resistance to ethidium bromide (11) and other organic cations (I.T.P. and R.A.S., unpublished data) via pmf-dependent efflux. The qacA gene from pSK1 has been cloned and expressed in E. coli (13, 14) ; its nucleotide sequence was then determined (5 (11, 15 (11, 18) . Minimum inhibitory concentration determinations were done in at least triplicate; only data for the representative compounds-ethidium bromide, benzalkonium chloride, diamidinodiphenylamine dihydrochloride (Dd), pentamidine isethionate (Pe), and propamidine isethionate (Pi)-is displayed. Ethidium efflux was assayed indirectly with a fluorimetric assay, as described (14, 21) .
Recombinant DNA Techniques. Standard molecular cloning techniques were done as described (22 (26) .
Hydroxylamine Mutagenesis. Hydroxylamine mutagenesis of plasmid pSK537 (qacB) DNA was done as described (27 M380T (GTTGGAGCTGGTACCGCTTCACTAGCA-GTTGC), and D323E (CCTATTACCTATGGCGATCGG-AGAAATGGTGTTTGCACC).
Analysis of Fusion Protein Activity. Alkaline phosphatase activity was determined as described (28) using p-nitrophenyl phosphate. ,3-Galactosidase activity was estimated by scoring the ability of colonies to cleave the chromogenic substrate 5-bromo-4-chloro-3-indoyl D-galactopyranoside as described (29) . Alkaline phosphatase fusion proteins were detected immunologically by using rabbit anti-PhoA IgG (5 Prime -> 3 Prime, Inc.) as described (26) . (Fig. ID) The phenotypes conferred by these mutants were investigated by susceptibility tests (Fig. 1) Table  2 ). Each fusion is labeled with the nomenclature of the pSK plasmid encoding the particular hybrid protein.
the periplasm and cytoplasm of E. coli cells, respectively (32) .
A series of gene fusions between qacA and the alkaline phosphatase (phoA) and /3-galactosidase (lacZa) genes were generated using a combination of in vivo and in vitro techniques.
Hybrids between qacA and phoA were constructed using TnphoA, a transposon derivative of Tn5 containing phoA but lacking its signal peptide sequence (26) . Nucleotide sequencing identified only seven unique in-frame qacA-phoA hybrids (Table 2) , primarily due to a very high frequency of insertion of the transposon at a single site within qacA, corresponding to an in-frame fusion between the first 53 codons of qacA and the phoA gene (see pSK699 in Fig. 2 ). The ends of the target duplication at this site contain G/C pairs, a characteristic feature of Tn5-like transposon insertional hotspots (33, 34) , suggesting that TnphoA displays a site-specific preference for insertion at this location.
To further clarify the topology of QacA, additional fusions between qacA and the reporter genes phoA and lacZa were constructed by cloning specific PCR fragments of qacA into the phoA vector pSK4158 (35) or the lacZa vector pUC118 (36) . Through this approach, combined with the fusions generated by TnphoA mutagenesis, qacA-phoA or qacA-lacZa hybrids were constructed to sites corresponding to all of the proposed periplasmic and cytoplasmic loops, and to the C terminus of the QacA polypeptide (Fig. 2) . In all cases the fusion joints on the plasmids encoding these hybrid proteins were confirmed by nucleotide sequencing.
The alkaline phosphatase and /3-galactosidase activities of cells expressing the qacA-phoA and qacA-lacZa constructs were assayed ( Interestingly, the putative a-helix of TMS 10 of QacA contains three proline residues (Fig. 2) , an unusual feature, as II proline residues typically disrupt the structure of an a-helix. Brandl and Deber (37) Fig. 3 , with family 1 consisting of the 14 TMS exporters, typified by QacA, and families 2-6 representing the 12-TMS proteins from clusters 1-5, respectively.
